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ABSTRACT 

The functional centers of the ribosome in all organ- 
isms contain ribosomal RNA (rRNA) modifications, 
which are introduced by specialized enzymes and 
come at an energy cost for the cell. Surprisingly, 
none of the modifications tested so far was essen- 
tial for growth and hence the functional role of modi- 
fications is largely unknown. Here, we show that the 
methyl groups of nucleosides m 2 G966 and m 5 C967 
of 16S rRNA in Escherichia coli are important for 
bacterial fitness. In vitro analysis of all phases of 
translation suggests that the m 2 G966/m 5 C967 modi- 
fications are dispensable for elongation, termination 
and ribosome recycling. Rather, the modifications 
modulate the early stages of initiation by stabilizing 
the binding of f Met-tRNA fMet to the 30S pre-initiation 
complex prior to start-codon recognition. We 
propose that the m 2 G966 and m 5 C967 modifications 
help shaping the bacterial proteome, most likely by 
fine-tuning the rates that determine the fate of a 
given messenger RNA (mRNA) at early checkpoints 
of mRNA selection. 

INTRODUCTION 

Ribosomes from all organisms contain modified nucleo- 
sides that are mostly located at the functional centers of 
ribosomal RNA (rRNA), clustering at the binding sites 
for messenger RNA (mRNA) and transfer RNAs 



(tRNAs) in the A and P sites, in the peptidyl transferase 
center, the peptide exit tunnel and at the intersubunit 
bridges (for recent review, see (1)). In bacteria, specialized 
enzymes have evolved for each group of modifications, 
and the reactions proceed at a substantial cost of 
energy-rich substrates, suggesting that introducing modi- 
fications must be important for the cell. In some cases, the 
presence of the modification is even more conserved than 
the nucleotide identity: for instance, nucleoside at position 
966 in Escherichia coli 16S rRNA is m 2 G in bacteria, 
acp 3 U in archaea and m acp 3 * in eukaryotes (2,3), 
implying an important role of rRNA modification at 
this position. Surprisingly, none of modified nucleosides 
whose modification enzymes are known appeared to be 
essential for cell growth at laboratory conditions (4-9), 
suggesting that rRNA modifications are not obligatory 
for the core reactions of the translation cycle. rRNA 
modifications may regulate ribosome assembly (10,11), 
stabilize ribosome structure (12,13) or modulate inter- 
actions with ligands (14,15). However, an exact function 
could not be attributed to the majority of modified rRNA 
residues. 

Many modified nucleosides are found in the P site where 
they seem to monitor the codon-anticodon complex 
between mRNA and tRNA (16-18). The mRNA is in 
contact with nucleotides m 4 Cml402 and m 3 U1498 of 
16S rRNA (16,18,19) which are engaged in a hydrophobic 
contact with one another (16); m U1498 is close to the 
ribose of the second position of the P-site codon, while 
m 4 Cml402 interacts with the phosphate bridging 
the second and third positions of the mRNA codon. 
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The mutation m 3 U1498G and the transversion of the 
adjacent G1401-C1501 base pair affect the formation of 
the first peptide bond (20-23). From the anticodon side, 
the ribose of nucleotide 34 in tRNA forms stacking inter- 
actions with m 2 G966 in helix 31 of 16S rRNA, whereas 
the other side of m 2 G966 is stacked with m 5 C967 
(Figure 1) (18,24). 

A growing body of data suggests that modifications of 
16S rRNA modulate translation initiation. Recognition of 
one characteristic feature of fMet-tRNA flvIet , i.e. the three 
consecutive GC pairs in the anticodon stem, is impaired in 
strains lacking the m 6 2 A1518, m 6 2 A1519 and m 2 G966 
methylations (25). Moreover, the mutation in the folD 
gene which leads to a reduction of the intracellular level 
of S-adenosyl-L-methionine, the methyl donor for the 
rRNA methylation enzymes, caused a relaxation in initi- 
ator tRNA selection in a genetic screen using as initiator 
tRNA fGln-tRNA™ 61 with anticodon CUA reading an 
UAG start codon (25). In the genetic background of di- 
minished overall methylation in the folD 122 strain, modi- 
fications of m 2 G1207 and m 3 U1498 appeared to have a 
dramatic effect on the stringency of ffvlet-tRNA™ 6 ' selec- 
tion (25,26). Similarly, the knockout of rsmH, the gene 
coding for the methyltransferase of N4-C1402, resulted 
in an increased usage of AUU as initiation codon (16). 
Thus, modified nucleotides in the P site of the 30S 
subunit appear to influence the efficiency and fidelity of 
translation initiation; however, the mechanism by which 
methylations affect initiation is not understood. 

Although genetic screens suggested the role of m 2 G966 
and m 5 C967 in the selection of the correct initiator tRNA 
and the start codon during translation initiation (25), 



earlier studies reported that mutations of nucleotides 
G966/C967 do not cause major phenotypic changes, 
except for the deletion of C967, which was lethal (27). 
Later experiments utilizing a specialized translation 
system, which allows to specifically monitor the effects 
of mutations independent of bulk translation, suggested 
that various G966 substitutions lead to a decrease in trans- 
lation activity (28). The inhibition caused by the m 2 G966A 
mutation could be rescued by the G1338A mutation, 
which increased the binding of the initiator tRNA, 
fMet-tRNA™ 61 , to the P site in the presence of excess of 
initiation factor (IF) 3 (29). In contrast, exhaustive muta- 
genesis of helix 31 of 16S rRNA performed in a different 
specialized ribosome system revealed that mutations of 
nucleotides at positions 966 and 967 produced hyperactive 
ribosomes which could be down-regulated to wild-type 
(wt) expression levels by IF3 overexpression, whereas 
overexpression of IF2 inhibited the activity of the 
mutant ribosomes (30). Understanding the exact roles of 
the m 2 G966 and m 5 C967 methylations — in contrast to 
base substitutions — requires knockout strains that lacked 
the modification enzymes, the methyltransferases RsmB 
and RsmD, which are responsible for the methylation of 
C967 and G966, respectively (5,31,32). RsmB recognizes 
free 16S rRNA through a 16-nucleotide-long stem-loop 
structure containing C967 (nt 960-975 of 16S rRNA) 
and apparently does not require extensive secondary or 
tertiary structure in the RNA for recognition (31,32). In 
contrast, RsmD acts late in the assembly process and is 
able to modify a completely assembled 30S subunit 
(5,33,34). Both enzymes are very specific for the respective 
nucleotide position in 16S rRNA and do not act on 23S 




Figure 1. Modification of m 2 G966 and m 5 C967 in the ribosome. Left, chemical structures of the methylated nucleosides. Methyl groups are shown in 
green. Right, the 30S decoding center surrounding the anticodon of the P site-bound tRNA. The tRNA is shown in red, the initiation codon in 
magenta and the rRNA in orange (PDB 3I9D) (24). 
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rRNA; as the activity toward small RNAs was not tested, 
a dual specificity cannot be ruled out but seems unlikely 
given the sequence specificity (RsmB) or 30S assembly 
state specificity (RsmD) of the two methy transferases. 
Here, we investigated the functional role of methylations 
at positions m 2 G966/m 5 C967 of 16S rRNA using a com- 
bination of genetic screens and biophysical techniques. We 
used strains in which the genes coding for the 
methyltransferases RsmB and RsmD were knocked out 
and studied the effects in vivo. Furthermore, we isolated 
ribosomes that lacked the m 2 G966/m 5 C967 modifications 
and studied in vitro their performance in all phases of 
translation, initiation, elongation, termination and 
ribosome recycling. 

MATERIALS AND METHODS 

Bacterial strains and growth rates 

Escherichia coli strains BW25113 and JW3250, carrying a 
kanR cassette inserted into the rsmB gene, and JW3430, 
carrying a kanR cassette inserted into the rsmD gene, were 
from the Keio collection and were kindly provided by Dr 
H. Mori (National Institute of Genetics, Japan) (35). The 
double-knockout ArsmB/ArsmD was constructed from 
the JW3250 strain by disrupting the rsmD gene with a 
gene coding for the chloramphenicol acetyl transferase. 
The gene knockout was performed with the help of the 
phage X Red recombinase system (36). The knockouts 
were verified by polymerase chain reaction using 
genomic DNA as template. The lack of methylations in 
the ArsmB, ArsmD and double knockout strains was 
verified by reverse transcription as follows. Because 
m 2 G966 modification results in the stop of reverse tran- 
scription (5), the lack of methylation at position G966 was 
monitored by the disappearance of the m 2 G966-specific 
band. In contrast, m C967 does not cause a stop of 
reverse transcription. To detect the m 5 C967 modification, 
cytosine deamination by bisulfite treatment was per- 
formed followed by reverse transcription. Upon bisulfite 
treatment, unmodified cytosine is converted to uracil, 
while methylated m 5 C967 is not. After elimination of all 
unmethylated cytosines, the methylated cytosine can be 
detected as a stop of reverse transcription in the 
presence of ddGTP in 1:10 ratio to dGTP. Reaction 
mixtures containing rRNA (50 |ig), NaHS0 3 (2 mM) and 
hydroquinone (0.7 mM) were incubated at 55°C for 3h, 
rRNA precipitated with 3 vol of ethanol and 1/10 vol of 
3 M sodium acetate at pH 5.5. Reverse transcription was 
performed as described (5). In vitro modification of ribo- 
somes purified from ArsmD strain using radioactive 
5-adenosyl-methionine and recombinant RsmD protein 
led to stoichiometric labeling of 16S rRNA; modification 
of wt ribosomes resulted in only 10-20% modification 
suggesting that 80-90% of wt ribosomes are modified at 
position 966 (data not shown). Likewise, 16S rRNA 
isolated from native ribosomes, that is rRNA containing 
its normal complement of modified bases, was not 
modified by RsmB, suggesting that most of wt ribosomes 
are modified at position 967 (32). 



Growth rates at conditions where strains were grown 
alone or in a mixture with the wt were measured as 
described (7). The proportion of mutant and wt cells in 
the mixture was determined by colony counting after 
plating the cells on the agar plates with and without the 
appropriate antibiotics. Cold sensitivity of cells was tested 
by growing the cells on LB (Luria-Bertrani medium) agar 
broth at 18°C for 3 days. Overexpression of azurine was 
studied after transformation of the ArsmB/ArsmD and 
the isogenic BW25113 strains with pASK-IBA4 vector 
carrying azurine gene under the control of the tetracycline 
promoter (IBA, Goettingen). Cells were grown in M9 
media with 50ug/ml ampicillin. Protein expression was 
induced at OD 590 = 0.01 by adding 2 or 200ug/ml 
anhydro tetracycline (AHTC). 

Growth rates of wt and ArsmB/ArsmD strains express- 
ing plasmid-encoded IF1 or IF3 were measured using the 
automated station Janus (Perkin Elmer). Optical densities 
of the cells were measured using the Victor X5 detector 
(Perkin Elmer). Wt and ArsmB/ArsmD strains were trans- 
formed with plasmids pQE30IFl and pQE30IF3 carrying 
an ampicillin resistance marker and coding for IF1 and 
IF3, respectively (37). Fresh LB media with ampicillin 
(50 ug/ml) were inoculated with a single colony of the re- 
spective strain, containing either of the two plasmids or no 
plasmid. After incubation at 37°C for 12 h, 5 ul of culture 
was transferred to 200 ul of fresh LB medium with ampi- 
cillin (50ug/ml) and with isopropyl (3-D-l-thiogalacto- 
pyranoside at concentrations 0, 0.1, 0.5 or 1 mM and 
incubated at 18°C with moderate shaking. OD 600 was 
measured every 120 min. 

Sucrose density centrifugation 

Cells were grown at 37°C to OD 600 = 0.2, then split into 
two portions and grown for 1.5 h at 37°C or 12 h at 18°C 
to OD 600 = 0.4-0.8, and cultures were rapidly cooled on 
ice. Cells were collected by centrifugation (6000 rpm at 
4°C for 10 min; rotor JA-14, Beckman), washed twice 
with 20 ml of ice-cold buffer A (20 mM Hepes-KOH at 
pH 7.5, 200 mM ammonium acetate and 6mM 
2-mercaptoethanol) containing 1 or 12mM magnesium 
acetate, resuspended in the same buffer and lysed by 
ultrasonication. Cell lysates were cleared by centrifugation 
(15 000 rpm at 4°C for 40 min; rotor JA-20, Beckman). 
Sucrose gradient sedimentation was performed essentially 
as described (38) with the exception that buffer A with 1 or 
12mM magnesium acetate as indicated in figure legends 
was used for sucrose gradients. To monitor the potential 
biogenesis effects, equal amounts (10 A 26 o) of lysates were 
loaded on 10-30% (wt/vol) gradients of sucrose in buffer 
A containing 1 mM magnesium acetate and centrifuged in 
the SW28 rotor (Beckman) at 22 000 rpm for 16.5 h. To 
monitor subunit association, equal amounts (10 A 2 6o) of 
lysates were loaded on 5^10% (wt/vol) gradients of 
sucrose in buffer A containing 12mM magnesium 
acetate and centrifuged in the SW41 rotor (Beckman) at 
35 000 rpm for 2.5 h. Gradient analysis was done using a 
flow-through spectrophotometer UV-900 (Amersham 
Biosciences). 
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Biochemical methods 

All biochemical experiments were performed in buffer B 
(50 mM Hepes-KOH at pH 7.5, 70mM NH 4 C1, 30 mM 
KC1 and 7mM MgCl 2 ) unless stated otherwise. 
Ribosomal subunits were prepared from purified 70S ribo- 
somes by sucrose gradient centrifugation in a zonal rotor 
(Ti 15, Beckman) (39,40). 30S subunits were reactivated in 
buffer B containing 20 mM MgCl 2 for 30min at 37°C. 
fMet-tRNA flvIet was purified by high-pressure (or 
high-performance) liquid chromatography (40) and was 
95% aminoacylated and formylated. mRNA was 93 nu- 
cleotides long and was prepared by in vitro T7 
RNA-polymerase transcription (nucleotide sequence: 
5'-GGGAAUUCAAAAAUUUAAAAGUUAACAGG 
UAUACAUACU AUG UUUACGAUUACUACGAUC 
UUCUUCACUUAAUGCGUCUGCAGGCAUGCAA 
GC-3' (start codon underlined)). Single-cysteine mutants 
of IF1 and IF3 were prepared and labeled with maleimide 
derivatives of Alexa 488 (Invitrogen, Germany) or 
Atto565 (Atto-tec, Germany) fluorophores as described 
(40); for some experiments, the non-fluorescent resonance 
energy transfer acceptor QSY35 (Invitrogen) was used. 
The functional activity of fluorescence labeled compo- 
nents ((fMet-tRNA flUet (QSY35), IF3(Alx488) and 
IFl(Atto565)) was tested as described and was close to 
that of wt components (41,42). 

To form 70S initiation complex (IC), 30S subunits 
(0.3 uM), 50S subunits (0.3 uM), ffHJMet-tRNA™ 61 
(0.6 uM), IF1 (0.6 uM), IF2 (0.6 uM), IF3 (0.6 uM), 
mRNA (2uM) and GTP (ImM) were incubated in 
buffer B for 60min at 37°C. The efficiency of 70S IC for- 
mation was measured by nitrocellulose filtration. In vitro 
translation of HemK mRNA was performed as described 
(43) in buffer C (50 mM Hepes-KOH at pH 7.5, 70 mM 
NH 4 C1, 30 mM KC1, 3.5 mM MgCl 2 , 0.5 mM spermidine, 
8mM putrescine and 2mM DTT) using BodipyFL-Met- 
tRNA f et for visualization of the synthesized peptides. 
Translation was performed at 18 and 37°C; reactions 
were quenched with 2M NaOH and the length of the 
translated peptide was verified by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and fluorescence imaging. HemK mRNA was prepared 
by in vitro transcription using T7 RNA-polymerase. 

Kinetic experiments 

Fluorescence stopped-flow measurements were performed 
in a SX-20MV stopped-flow apparatus (Applied 
Photophysics, Leatherhead, UK). Experiments were per- 
formed by rapidly mixing equal volumes (60 ul each) of 
reactants at 20 or 37°C, as indicated. In a single experi- 
ment, 1000 data points were acquired in the logarithmic 
sampling mode. Excitation wavelength was 470 nm for 
Alx488. Fluorescence changes and FRET were measured 
after passing KV500 (for Alx488) or KV590 (for Atto565) 
cutoff filters (Schott). To measure light scattering, the ex- 
citation wavelength was set to 430 nm, and the scattered 
light was measured at an angle of 90° to the incident beam 
without a filter. Data were evaluated by two-exponential 
fitting using Prism (Graphpad Software). Standard 



deviations of all values were calculated from four to 
eight time courses. 

The IF2-dependent binding of fMet-tRNA fMet (QSY35) 
to the pre-formed 30S pre-IC (PIC) containing IF1, IF2, 
IF3(Alx488) and mRNA was performed as described (40) 
using 30S subunits (0.05 uM), mRNA (0.5 \M) where 
indicated, IF1, IF2 and IF3(Alx488) (0.1 uM each), GTP 
(0.25 mM) and different concentrations (0.075-0.5 uM) of 
fMet-tRNA fMet (QSY35) (final concentrations after 
mixing). To measure the dissociation of fMet-tRNA flvIet 
from the 30S PIC in the absence of mRNA, the 30S PIC 
was formed by incubating 30S subunits (0.2 uM), IF1 
(0.4 uM), IF2 (0.4 uM), IF3(Alx488) (0.24 uM) and 
fMet-tRNA fMet (QSY35) (0.4 uM) in buffer B for 30min 
at 37°C. Next, the 30S PIC (final concentration after 
mixing 0.1 uM) containing IF3(Alx488) and fMet- 
tRNA fMet (QSY35) was mixed with unlabeled 
fMet-tRNA™ 61 (2uM, a 10-fold excess over 
IMet-tRNA iMet (QSY35)); the FRET decrease due to 
fMet-tRNA^^QSYSS) dissociation was monitored. To 
determine the rate of fMet-tRNA ilvIet dissociation from 
the 30S IC containing mRNA, 30S IC (0.1 uM) containing 
radioactively labeled pHJfMet-tRNA™ 6 ' was mixed with 
a 10-fold excess unlabeled fMet-tRNA™ 6 ', and the dis- 
sociation of [ 3 H]fMet-tRNA flvret was monitored by nitro- 
cellulose filtration. 

Dissociation of IF3 from the 30S IC was measured as 
described (42) using IFl(Atto565) and IF3(Alx488). To 
form the 30S IC, 30S subunits (0.2 uM), IFl(Atto565) 
(0.4 uM), IF2 (0.4 uM), IF3(Alx488) (0.24 uM), mRNA 
(1 uM) and fMet-tRNA™ 6 ' were incubated in buffer B 
for 30min at 37°C. Then, 30S IC (final concentration 
after mixing 0.1 uM) containing IF3(Alx488) and 
IFl(Atto565) was mixed with unlabeled IF3 (1 uM, an 
8.3-fold excess over IF3(Alx488)), and the FRET 
decrease due to IF3(Alx488) dissociation was monitored. 

RF2-dependent fMet release was measured at 18°C as 
described (44). The rate of ribosome recycling was 
measured by light scattering as described (41,45). 70S 
ribosomes were formed incubating 30S and 50S subunits 
in buffer B containing 20mM MgCl 2 for 2min at 37°C. 
70S ribosomes (0.1 uM) were mixed in the stopped-flow 
apparatus in buffer B at 37°C with ribosome recycling 
factor (RRF) (2.5 uM), elongation factor (EF)-G 
(0.8 uM), IF3 (0.3 uM) and IF1 (0.5 uM). 



RESULTS 

Fitness costs and cold sensitivity 

The effects of m 2 G966/m 5 C967 methylations were tested 
using single- and double-knockout strains lacking 
methyltransferase RsmD (ArsmD), RsmB (ArsmB) or 
both (ArsmB/ArsmD). The absence of the modifications 
was verified by primer extension (Materials and Methods). 
The doubling times of the mutant strains were slightly 
increased (39 ±2, 40 ± 2 and 38 ± 2min for ArsmD, 
ArsmB and ArsmB/ArsmD, respectively) compared with 
the wt strain (33 ± 1 min). As the growth rate measure- 
ments have limited sensitivity and allow to compare cells 
only during exponential growth phase, we also measured 
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Figure 3. Effects of m G966/m C967 on cell growth at conditions of stress. (A) Cold sensitivity (18°C). (B) Effect of cold shock (18°C) on the 
growth rate. (C) Influence of protein overexpression on cell growth (37°C). Overexpression of azurin was induced by addition of AHTC at time zero. 
Growth curves of wt (open symbols) and ArsmB/ ArsmD strain (closed symbols) upon induction with different amounts of AHTC: no addition 
(circles), 2ug/ml (squares) or 200 ug/ml (triangles). 



the relative fitness of mutant and wt strains when 
cultivated together at different temperatures and 
medium conditions (Figure 2). In the absence of methyla- 
tions, the viability of cells was compromised which 
resulted in counter-selection against mutant strains after 
several growth cycles in mixed culture. The fitness costs of 
the single ArsmD and ArsmB mutations were similar, 
whereas the double-knockout ArsmB/ArsmD had more 
pronounced defects. In most of the further experiments, 
we chose to work with the ArsmB/ArsmD double- 
knockout strain to analyse the cumulative functional 
role of m 2 G966/m 5 C967 modifications. 

To further scan for the potential effects on bacterial 
physiology, we studied the response of the mutant 
strains to cold shock. Inactivation of both RsmB and 
RsmD genes caused an extreme slow-growth phenotype 
at 18°C (Figure 3A and B). Because cold sensitivity is 



often associated with defects of ribosome biogenesis 
(11,46-49), we screened for defects in ribosome assembly 
and subunit association in the ArsmB/ArsmD strain by 
sucrose gradient sedimentation analysis (Supplementary 
Figure SI). The relative amounts of ribosomal subunits 
and 70S ribosomes were not significantly different in the 
ArsmB/ArsmD and wt strains both at optimal tempera- 
ture and at cold shock conditions. No additional peaks 
were found which could be attributed to assembly inter- 
mediates, indicating that the cold sensitivity of the 
ArsmB/ArsmD strain is probably not caused by a defect 
in the biogenesis or association of ribosomal subunits. 

During the cold shock response, the ribosome select- 
ively translates ~25 cold shock proteins (for review, see 
(50)). IFs play an important role in cold adaptation. IF3 
selectively promotes the translation of cold shock mRNAs 
(50), whereas IF1 stimulates translation preferentially at 
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low temperatures without affecting mRNA selectivity (51) 
and may also play a non-ribosome-associated role as an 
RNA-chaperone (52,53). Furthermore, an increased ratio 
of IFs to ribosomes during cold shock may be required to 
compensate for the higher affinity between the ribosomal 
subunits at low temperatures to maintain the proper levels 
of free ribosomal subunits (50). To investigate whether the 
cold-sensitive phenotype of the ArsmB/ ArsmD strain was 
related to defects in the interaction between ribosomes and 
IF1/IF3, we tested whether cell growth of the mutants at 
18°C could be rescued by overexpression of IF1 or IF3 
(Supplementary Figure S2). Changing either IF1 or IF3 
concentration in the ArsmB/ArsmD strain had no effect 
on the growth rate, suggesting that the cold-sensitive 
phenotype does not result from IFl/IF3-related defects. 
Effects of increasing IF2 concentration were not tested, 
because overexpression of IF2 is strongly inhibitory to 
wt cells as well as to mutant strains with m 2 G966U and 
m 5 C967U mutations (30). 

Finally, to test effects of the methylations at yet another 
type of stress conditions, we monitored growth rates 
during overexpression of a heterologous protein azurin 
at 37°C. Azurin has been identified in some bacteria, e.g. 
Pseudomonas aeruginosa, where it functions as a 
periplasmic redox protein expressed in stress situations. 
The protein is absent in E. coli and was chosen as a 
non-toxic soluble protein that is unlikely to specifically 
interact with E. coli components. A plasmid encoding 
azurin from P. aeruginosa under the control of Tet 
promoter was introduced into both wt and ArsmB/ 
ArsmD strains. Induction of azurin expression inhibited 
the growth of the ArsmB/ArsmD strain much stronger 
than that of the wt cells (Figure 3C) due to an extended 
lag phase of more than 12 h in the growth of ArsmB/ 
ArsmD strain, compared with 6 h with wt stain expressing 
azurin or 2.7 h with un-induced cells of both wt and 
ArsmB/ArsmD strains. Taken together, the sensitivity of 
the ArsmB/ArsmD strain to cold shock and protein 
overexpression suggests defects in ribosome function 
that are particularly clearly manifested at conditions 
when the translational machinery is tuned toward the pro- 
duction of a limited number of selected proteins. 

To identify the stages of protein synthesis which are 
affected by the lack of the m 2 G966/m 5 C967 modifications, 
we purified ribosomes from the ArsmB/ArsmD strain 
(denoted as Am ribosomes) and investigated the effect 
of m 2 G966/m 5 C967 methylation on the activity of ribo- 
somes at every step of protein synthesis in vitro. 

Effect on translation initiation 

Substitutions of residues G966 and C967 were previously 
implicated in IF3 binding (30) and the selection of the 
correct initiator tRNA and initiation codon (25). This 
prompted us to test the effect of the methylations on ini- 
tiation. In bacteria, translation initiation comprises three 
main phases (Figure 4A). Recruitment of the three IFs 
(IF1, IF2 and IF3), mRNA and fMet-tRNA™ 6 ' to the 
30S subunit first leads to the assembly of the 30S PIC 
which upon recognition of the start codon is converted 
to the mature 30S IC (54-56). Binding of the 50S 



subunit to the 30S subunit leads to GTP hydrolysis by 
IF2, dissociation of the IFs and formation of an 
elongation-competent 70S IC (55,57) (Figure 4A). The 
formation of initiation intermediates is rapid and 
completed within a few seconds, which necessitates the 
use of rapid kinetics approaches for studying the process 
(41,42,58). First, we studied the binding of fMet- 
tRNA tMet to 30S complexes by stopped-flow monitoring 
FRET between IF3 labeled with Alexa 488 (IF3(Alx488)) 
and fMet-tRNA™ 6 ' labeled with QSY35 (fMet- 
tRNA^^QS Y3 5)) . 30S complexes were prepared with 
the Am or wt 30S subunits by adding the three IFs (of 
which IF3 is fluorescent) in the presence or absence of 
mRNA. The apparent rates of fMet-tRNA™ 6 ' binding 
to the 30S were very similar with the Am and wt ribo- 
somes and independent of the presence or absence of 
mRNA (Figure 4B); the latter observation is consistent 
with the notion that the recruitment of fMet-tRNA™ 6 ' 
to the 30S PIC is mediated by IF2 and does not require 
mRNA (41,59). However, the amplitude of the FRET 
change was 2-fold lower with Am compared with wt 30S 
subunits (Figure 4B). Because the amplitude of the FRET 
change is sensitive to the extent of binding, this difference 
could arise from impaired occupancy of Am ribosomes by 
either fMet-tRNA fMet (QSY35) or IF3(Alx488). To distin- 
guish between these alternatives, we monitored the dis- 
sociation of IF3(Alx488) from the 30S PIC or 30S IC 
containing IF1 labeled with the FRET acceptor Atto565 
(IFl(Atto565)) upon addition of excess unlabeled IF3 
(Figure 4C). The overall amplitude of the FRET change 
was essentially the same for the Am and wt 30S subunits 
irrespective of the presence of mRNA (Figure 4C), sug- 
gesting that identical amounts of labeled IF3 were initially 
bound to any type of complexes. In the absence of 
mRNA, IF3 dissociates from the 30S PIC at the same 
slow rate from the Am and wt 30S subunits, which indi- 
cates that binding of IF3 to the 30S PIC was not affected 
by the lack of m 2 G966/m 5 C967 methylations. IF3 dissoci- 
ation from the 30S IC which formed upon recognition of 
the start codon by fMet-tRNA 0461 was more complex: the 
reaction was biphasic, with the rapid phase corresponding 
to the dissociation of IF3 from the 30S IC containing all 
components (4s _1 ) and the slow phase (0.025 s -1 ) reflect- 
ing the dissociation from the complexes that lack either 
mRNA or fMet-tRNA tMet (42). The rates of the fast and 
slow phases were not affected by the methylations; 
however, the ratio between rapid and slow phases was 
changed in favor of the slow phase on Am ribosomes 
(Figure 4C, inset). These results suggest that a larger pro- 
portion of ribosomes lacking the m 2 G966/m 5 C967 methy- 
lations remains in the 30S PIC conformation, which — 
given the observed decrease in the amplitude of 
fMet-tRNA™ 61 binding (Figure 4B) — can be attributed 
to a defect in fMet-tRNA 1 ™ 61 recruitment. 

To further verify the effect of methylations on 
fMet-tRNA™ 61 binding to the 30S subunit, we measured 
the concentration dependence of the apparent association 
rate constants and followed the dissociation of 
fMet-tRNA™ 61 from the 30S PIC and 30S IC using the 
IF3(Alx488):fMet-tRNA fMet (QSY35) FRET pair. The as- 
sociation rate constants (obtained from the slope of the 
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Figure 4. Effect of m 2 G966/m 5 C967 methylations on the initiation of protein synthesis in vitro. (A) Schematic of initiation (57). (B) IF2-dependent 
recruitment of fMet-tRNA™ 61 to the 30S PIC containing IF1, IF2 and IF3 in the presence and absence of mRNA. FRET between IF3(Alx488) and 
fMet-tRNA fMel (QSY35) was monitored. Am denotes ribosomes from the ArsmB/ArsmD strain. (C) Time courses of IF3 dissociation from the 30S 
IC upon addition of excess unlabeled IF3. FRET between IF3(Alx488) and IFl(Atto565) was monitored. The bar graph (inset) represents the 
distribution of amplitudes of the rapid (black bar) and slow (white bar) phases of IF3(Alx488) dissociation. (D) Concentration dependence of 
the apparent rate constant of fMet-tRNA™ 01 binding to the 30S PIC as in (B). Am (closed symbols) and wt (opened symbols) 30S subunits in the 
presence (circles) or absence of mRNA (squares). FRET between IF3(Alx488) and fMet-tRNA nv,e '(QSY35) was monitored. (E) Time courses of 
fMet-tRNA fMel (QSY35) dissociation from the 30S PIC in the absence of mRNA upon addition of excess of unlabeled fMet-tRNA™ 6 '. Dissociation 
was monitored by the change of FRET as in (B). For clearer visualization of the rate differences, normalized traces are presented in the inset. 
(F) Time courses of [ 3 H]fMet-tRNA fMel dissociation from the 30S IC in the presence of mRNA measured by nitrocellulose filtration. Am (closed 
symbols) and wt (open symbols) 30S subunits were studied in the presence (circles) or absence of mRNA (squares). (G) Summary of data on 
fMet-tRNA rMel occupancy in different ICs. The extent of fMet-tRNA™ 6 ' binding to Am relative to wt 30S subunits or 70S ribosomes is shown. 1, 
IF2-dependent binding of fMet-tRNA™ 61 to the 30S PIC in the absence of mRNA (from B); 2, fMet-tRNA fMel (QSY35) dissociation from the 30S 
PIC in the absence of mRNA (from D); 3, the amplitude of IF2-dependent binding of fMet-tRNA fMel (QSY35) to the 30S PIC in the presence of 
mRNA (from B); 4, proportion of the 30S IC from which IF3 can rapidly dissociate (from C); 5, pFTJfMet-tRNA™ 61 dissociation from 30S IC in the 
presence of mRNA (from F); 6, 70S IC formation after incubation of 30S and 50S subunits with mRNA, [ 3 H]fMet-tRNA fMel , IF1, IF2, IF3 and 
GTP. SF, measured by stopped-ftow; NC, measured by nitrocellulose filtration. 



linear concentration dependence of the apparent rate 
constants) were almost identical, about 5uM~'s _1 for 
fMet-tRNA™ 6 ' binding to the Am and wt 30S subunits 
both in the presence and absence of mRNA (Figure 4D), 



consistent with values reported previously (41). The dis- 
sociation of fMet-tRNA™ 61 from the 30S PIC in the 
absence of mRNA was studied by stopped-flow, because 
the reaction was rapid and the complex was not 
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sufficiently stable to be isolated by nitrocellulose nitration. 
The dissociation was about two times faster, and the dis- 
sociation amplitude was reduced by 50%, for Am 
compared with wt ribosomes (Figure 4E). The latter ob- 
servation was consistent with the amplitude difference 
of fMet-tRNA^ 6 ' binding for Am and wt ribosomes 
(Figure 4B). The small, but reproducible and significant 
2-fold increase in the dissociation rate of fMet-tRNA™ 61 
from the Am 30S PIC explains the observed effect on both 
binding and dissociation amplitude of fMet-tRNA'™ 6 ' and 
suggests that Am ribosomes are less efficient in 30S PIC 
formation. 

The dissociation of fMet-tRNA™ 6 ' from the 30S 
IC after start codon recognition could be followed by 
nitrocellulose filtration, because it is very slow (Figure 
4F) (41). In this case, a similar rate of fMet-tRNA™ 61 
dissociation was observed and the difference in initial 
[ 3 H]fMet-tRNA flV[et binding to Am and wt 30S subunit 
was only 20%, suggesting that the effect of the methyla- 
tions was at least partially alleviated by start-codon selec- 
tion. An even smaller difference in fMet-tRNA™ 61 
binding to Am and wt ribosomes was observed after the 
addition of 50S subunits to the 30S IC, i.e. after formation 
of the 70S IC, as monitored by nitrocellulose filtration 
(Figure 4G, bar 6). The relative efficiencies of 30S 
PIC, 30S IC and 70S IC formation are summarized in 
Figure 4G. The data suggest that the lack of methylations 
at positions m 2 G966/m 5 C967 affects fMet-tRNA™ 6 ' 
binding preferentially at an early step of initiation, i.e. 
30S PIC formation, and do not affect the stability of 
IF3 binding on the 30S PIC and 30S IC. 



Translation elongation, termination and ribosome 
recycling 

To test whether translation elongation is affected, we 
studied the synthesis of the 277-amino acid protein 
HemK in vitro. Because the ArsmB/ArsmD strain ex- 
hibited a cold-sensitive phenotype, the experiments were 
performed at 18 and 37°C. Translation was initiated by 
the addition of EF-Tu, EF-G and a mixture of all 
aminoacyl-tRNAs to the pre-formed 70S IC containing 
fluorescence-labeled BodipyFL-Met-tRNA™ 6 ', such that 
only the effects on a single round of translation elongation 
were monitored. Translation products were resolved by 
SDS-PAGE and visualized using fluorescence imaging 
(Figure 5A). Am ribosomes were as efficient as the wt in 
peptide elongation at both temperatures. 

Methylations at positions 1518 and 1519 of 16S rRNA 
near the interface with the 50S subunit in the vicinity of 
the IF3 binding site affect the efficiency of RRF-mediated 
ribosome recycling (26). This prompted us to test the 
effects of the m 2 G966/m 5 C967 modifications on the two 
remaining steps of protein synthesis, i.e. termination by 
RF2 and ribosome recycling by RRF and EF-G in the 
presence of IF3. The efficiency of RF2-catalyzed peptide 
release in vitro was measured using a model system with 
ribosomes containing fMet-tRNA 1 bound to an AUG 
codon in the P site followed by an UAA stop codon in the 
A site (44). Both rates and final levels of fMet release from 
wt and Am 70S ribosomes were identical (Figure 5B). 
Ribosome recycling was measured by the change in light 
scattering after mixing 70S ribosomes with RRF, EF-G, 
IF1 and IF3 in a stopped-flow apparatus (45). The time 
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courses of dissociation of the wt and Am ribosomes were 
identical (Figure 5C). Thus, the lack of m 2 G966/m 5 C967 
modifications has no effect on translation elongation, ter- 
mination or ribosome recycling. 



DISCUSSION 

Here, we present a comprehensive analysis of the func- 
tional role of the two modified residues m 2 G966 and 
m 5 C967 of 16S rRNA in the P site of the 30S subunit. 
Consistent with previous notions, suggesting that the 
lack of these methylations is not lethal, the lack of 
m 2 G966 and m 5 C967 modifications in the strain where 
both rsmB and rsmD methyltransferase genes were 
deleted did not cause severe growth defects, but rather 
resulted in compromised fitness of bacteria compared 
with the isogenic wt strain. The ArsmB/ArsmD strain 
was cold sensitive and sensitive to protein overexpression. 
The cold sensitivity was not due to the defects in ribosome 
assembly or impaired association of the ribosomal 
subunits. Furthermore, the cold sensitivity phenotype 
was not alleviated by overexpression of IF1 or IF3, 
which are important factors for cold adaptation (50). 
Together, the results of the in vivo experiments suggest 
that the lack of m 2 G966/m 5 C967 methylations affects 
the cells in a complex way, which is particularly strongly 
manifested upon stress. 

The in vitro analysis suggested that the stress sensitivity 
may be related to an impaired translation initiation, con- 
sistent with previous observations that nucleotides at pos- 
itions 966 and 967 are important for the initiation of 
protein synthesis (25,30). Our detailed kinetic analysis 
suggests that the primary role of the two modifications 
is to stabilize fMet-tRNA™ 6 ' binding to the 30S PIC, re- 
sulting in a longer residence time of the fMet-tRNA^ 16 ' in 
the complex, whereas binding of IF3 is not affected. The 
effect on the fMet-tRNA™ 6 ' binding stability agrees well 
with the crystal structures that indicate contacts of 
m 2 G966/m 5 C967 with the anticodon of fMet-tRNA™ 6 ' 
(18). The observed 2-fold change in the rate constant of 
fMet-tRNA tMet dissociation was significant and highly re- 
producible. In addition, the observed change in FRET 
amplitudes may reflect an altered orientation of 
fMet-tRNA tlvIet on the ribosomes lacking the methyla- 
tions, compared with the wt ribosomes. Either effect — 
the increased dissociation of fMet-tRNA tlvIet from the 
complexes or its altered positioning — results in an 
impaired transition from the 30S PIC to 30S IC, as mani- 
fested by a larger portion of 30S complexes that retain 
tightly bound IF3 despite the presence of mRNA in the 
complex, i.e. ribosomes escaping the affinity switch of IF3 
binding (42). 

In addition to their role in the stabilization of 
fMet-tRNA tMet binding to the 30S PIC, the m 2 G966/ 
m 5 C967 modifications may take part in shaping the 
cellular proteome by altering the intricate kinetic balance 
between reactions early in initiation. The transition from 
the 30S PIC to the mature 30S IC constitutes an important 
checkpoint for both mRNA and fMet-tRNA™ 6 ' selection 
(54,55). The underlying principle of the selection is kinetic 



partitioning: the fraction of mRNA selected for transla- 
tion is determined by the relative kinetics of collective 
steps of mRNA and tRNA docking to the 30S subunit 
and the start codon recognition versus the rates of 
mRNA and fMet-tRNA™ 61 dissociation, which are 
rather high at this phase (57). Kinetic studies indicated 
that an mRNA with strong secondary structure in the 
initiation region, which requires a considerable time to 
unfold, is more likely to be rejected from the 30S PIC 
than a non-structured mRNA, even if the intrinsic dissoci- 
ation rates are the same (54). Upon start codon recogni- 
tion, the 30S PIC is converted to the 30S IC (60), which is 
accompanied by a major rearrangement in the complex, 
resulting in the stabilization of fMet-tRNA tlvIet and 
mRNA binding to the 30S subunit and the destabilization 
of IF3 binding (42). A longer residence time of 
fMet-tRNA™ 6 ' in the 30S PIC may increase the probabil- 
ity that an mRNA which transiently exposes a start codon 
will be selected for translation due to the recognition of 
the start codon by fMet-tRNA™ 61 . For the bulk 
of mRNAs, a 2-fold decrease in the residence time of 
fMet-tRNA™ 61 in the 30S PIC may not result in any sig- 
nificant disadvantage at normal conditions, consistent 
with the notion that at optimal growth conditions, 
protein synthesis in the ArsmB/ArsmD strain is not sig- 
nificantly affected. However, the observed reduced fitness 
of the mutant in competition with the wt strain suggests 
that some changes in the proteome composition must 
occur. For instance, it is possible that changes in the 
selection stringency at the 30S PIC checkpoint are 
non-uniform for different mRNAs and particularly 
affect those mRNAs that are intrinsically slow in the tran- 
sition from the 30S PIC to the 30S IC (56). At normal 
growth conditions, such imbalance in the otherwise 
fine-tuned mRNA selection machinery apparently is toler- 
able for the cell; however, at conditions of competition 
with wt cells or during conditions of stress, the bias in 
mRNA selection due to the lack of the methylations 
leads to impaired cell growth. Thus, although the 
primary role of m 2 G966/m 5 C967 modifications in 16S 
rRNA is to stabilize fMet-tRNA flV[et binding to the 30S 
subunit, the modifications may indirectly affect the 
balance of kinetic parameters that govern mRNA selec- 
tion, thereby altering the translation efficiency of individ- 
ual mRNAs and contributing to the response and 
adaptation to environmental changes. 
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